Abstract: How to measure and quantitatively assess hydrological drought (HD) in the inland river basins of Northwest China is a difficult problem because of the complicated geographical environment and climatic processes. To address this problem, we conducted a comprehensive approach and selected the Aksu River Basin (ARB) as a typical inland river basin to quantitatively assess the hydrological drought based on the observed data and reanalysis data during the period of 1980-2010. We used two mutual complementing indicators, i.e., the standardized runoff index (SRI) and standardized terrestrial water storage index (SWSI), to quantitatively measure the spatio-temporal pattern of HD, where the SRI calculated from the observed runoff data indicate the time trend of HD of the whole basin, while SWSI extracted from the reanalysis data indicate the spatial pattern of HD. We also used the auto-regressive distribution lag model (ARDL) to show the autocorrelation of HD and its dependence on precipitation, potential evapotranspiration (PET), and soil moisture. The main conclusions are as follows: (a) the western and eastern regions of the ARB were prone to drought, whereas the frequency of drought in the middle of the ARB is relatively lower; (b) HD presents significant autocorrelation with two months' lag, and soil moisture is correlated with SWSI with two months' lag, whereas PET and precipitation are correlated with SWSI with 1 month' lag; (c) the thresholds of HD for annual PET, annual precipitation, and annual average soil moisture are greater than 844.05 mm, less than 134.52 mm, and less than 411.07 kg/m 2 , respectively. A drought early warning system that is based on the thresholds was designed.
Introduction
"Drought" is widely used by the academia community, but there are different meanings in different disciplines. It is often grouped into four basic types: (1) meteorological or climatological, (2) agricultural, (3) hydrological, and (4) socioeconomic [1] . Even in the same professional field, people have different understandings for drought. In hydrology, it refers to the abnormal hydrological phenomenon in which the runoff is lower than its normal value (mean value) or the water level of the aquifer is significantly reduced. The main feature is the shortage of water that is available It was for the above reasons that we selected the Aksu River Basin (ARB) as a typical inland river basin, based on observed data and reanalyzed data from 1980-2010, we first used two mutual complementing indicators of SRI and SWSI to describe the spatio-temporal pattern; then, we constructed the ARDL model to quantitatively evaluate the autocorrelation of HD and its dependence on correlated variables; finally, we used the piecewise regression model to analyze the thresholds of correlated variables to HD, and built a drought warning system from a new perspective (the perspective of correlated variables).
Materials and Methods

Study Area and Data
Study Area
The interphase geomorphic characteristics of mountains and basins form a unique water circulation system in the arid regions of northwestern China-inland river systems without hydraulic connections [16] . Water resources are formed and transformed during the water cycle of river basins, and rivers act as a link between mountainous regions, basin plains, oasis, and desertification systems. We select the ARB as a typical basin because it is the only tributary that supplies water to the Tarim River throughout the year, and the ARB also is a data-scarce mountain basin [23, 24] .
The Aksu River is a cross-border river, most of which is situated at Xinjiang and the other part is situated at Kyrgyzstan. The river has two major tributaries, Kumarak river (also known as the Kun Marek River) and Toshkent rivers, and it is supplied by precipitation and the melting of ice and snow [25] . The ARB is enclosed within latitudes 40 • 17 -42 • 27 N and longitudes 75 • 35 -78 • 59 E (Figure 1 ). The total area of ARB is 52,000 square kilometers, of which urban area is 33,000 square kilometers and Kyrgyzstan is 19,000 square kilometers. The ARB is away from the ocean and it belongs to the arid and semi-arid continental desert climate zone. The main climate features are: dryness, large evaporation, low precipitation, low temperature, long sunshine duration, and high total solar radiation [26] . In recent years, the temperature and precipitation all increased [27] , so the drought also changed. The land use types in the ARB are mainly agricultural land (including cultivated land, woodland, and pasture) and unused land (unutilized land and other land), which account for 51% and 47% of the total land area, respectively [28] . In the past 10 years, the area of cultivated land and construction land has increased by about 1724.4 km 2 and 129.4 km 2 , respectively. While the forest land, grassland, sandy land, saline-alkali land, and marshland are reduced [29] . Increasing cultivated land and construction land area will lead to an increase in water consumption. So, in order to meet the demand for water, some dams have been built in the ARB. In addition, it is mainly brown desert soil in this region with a lack of soil moisture, which is conducive to water evaporation. These natural conditions can easily cause HD.
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Data
To assess the HD, we used the monthly runoff time series data and terrestrial water storage (TWS) spatial data from 1980 to 2010. Runoff data were provided by the Xinjiang Tarim River Basin Authority. There are three hydrological stations (Xiehela, Shaliguilanke, and Xidaqiao) in Aksu River basin, of which Xiehela and Shaliguilanke are the hydrological stations of the upstream tributaries, and Xidaqiao is the mountain exit hydrological station. The runoff in Xiehela and Shaliguilanke is aggregated into Xidaqiao. So, the runoff in Xidaqiao is used to represent the runoff of the entire basin. The two stations of Xiehela and Shaliguilanke are located in the mountainous area (the source area of the river) where human activities are relatively rare. Therefore, it was assumed that the observed data can reflect natural conditions [27] . Based on the research, the sum of soil moisture storage (0-10 cm, 10-40 cm, 40-100 cm, and 100-200 cm), snow water equivalent, canopy water storage, and surface runoff is considered as the terrestrial water storage to compute the SWSI [30] [31] [32] . The data of soil moisture storage, snow water equivalent, canopy water storage, and surface runoff are from GLDAS (Global Land Data Assimilation System) provided by NASA (National Aeronautics and Space Administration) (https://disc.gsfc.nasa.gov/datasets?keywords=Hydrology), which are stored at the monthly scale. The spatial resolution of soil moisture, snow water equivalent and canopy water storage is 0.25 • × 0.25 • , and the spatial resolution of surface runoff data is 1 • × 1 • and the data is resampled while using ArcGIS 10.5 software. Data extraction of soil moisture storage, snow water equivalent, canopy water storage, and surface runoff was undertaken using R software programming. To analyze the relationship between SWSI and its correlated variables, the data of daily precipitation (mm/day), daily maximum temperature ( • C), daily minimum temperature ( • C), daily relative humidity (%), daily sunshine duration (SD) (h/day), and daily average wind velocity (AWE) (m/s) in the same period at nine meteorological stations (Wuqia, Kashi, Tuergart, Aheqi, Baicheng, Kuche, Aksu, Keping, and Alaer) were used. They are collected from China Meteorological Administration (http://www.cma.gov.cn/). The stations in the study area are sparse and unevenly distributed. In order to better reflect the spatial characteristics of HD in the region, we select the above nine meteorological stations [33] . Runoff and meteorological data are observed data, which are reliable; for GLDAS data, most scholars had confirmed the applicability of it in the inland arid region of Northwest China [34, 35] .
Methods
To measure and quantitatively assess HD in the ARB, we first used two mutual complementing indicators of SRI and SWSI to measure the spatio-temporal pattern of HD. Because SRI is one of the indicators that is commonly used by academia to describe HD, but it can only assess HD from time and it cannot assess HD from space in this study. Because SRI is calculated using observed data, and there are only limited hydrological stations in the ARB, SRI cannot be used to assess HD from space. Therefore, while using SRI for time series analysis, SWSI is used to assess HD from space. Then the ARDL model was used to show the autocorrelation of HD and its dependence on precipitation, potential evapotranspiration (PET), and soil moisture. Finally, we also identified the thresholds of the correlated variables to HD and give an early warning for HD (Figure 2 ).
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Drought Indices
To compensate for the deficiencies of a single indicator, we use two mutual complementing hydrological drought indicators, namely SRI and SWSI, to analyze HD from a temporal and spatial perspective, respectively.
Standardized Runoff Index (SRI)
The SRI is a widely used index to assess the HD due to its simplicity and data availability [36] . The calculation method is as follows:
Assuming that the runoff x in a certain time period satisfies the Γ distribution probability density function f(x):
where and are the shape and scale parameters, respectively. x > 0, > 0, > 0, and can be calculated using the maximum likelihood method. ( ) is the Gamma function. The cumulative probability of runoff x at a given time scale is as follows:
Normalizing the probability of Γ distribution and obtained the following equation.
where F is the runoff distribution probability that is associated with the Γ function; and, S is the probability density coefficient. When F > 0.5, S = 1; when F ≤ 0.5, S = −1, = 2.515517, = 0.802853, = 0.010328, = 1.432788, = 0.189269, = 0.001308 [4] . According to the relevant studies [37, 38] , the SRI is divided into seven levels ( Table 1 ). 
Drought Indices
Standardized Runoff Index (SRI)
where γ and β are the shape and scale parameters, respectively. x > 0, γ > 0, β > 0, γ and β can be calculated using the maximum likelihood method. Γ(β) is the Gamma function. The cumulative probability of runoff x at a given time scale is as follows:
where F is the runoff distribution probability that is associated with the Γ function; and, S is the probability density coefficient. When F > 0. According to the relevant studies [37, 38] , the SRI is divided into seven levels ( Table 1) . SRI is calculated by the observed data in this paper, but there are three hydrological stations in the ARB, which can only show the temporal variation and cannot describe the spatial pattern. So, we use SWSI to show the spatial pattern based on the reanalysis data. The standardized terrestrial water storage index (SWSI) is an indicator of hydrological drought, which can be used to describe terrestrial water storage deficits. First, it should evaluate the degree of deviation of the actual distribution and standard normal distribution of terrestrial water storage data that is simulated by GLDAS while using a normal Q-Q plot [39] . As can be seen from Figure 3 , terrestrial water storages are close to a normal distribution, so SWSI can be expressed as:
where S i,j represents the terrestrial water storage (terrestrial water storage is the sum of soil moisture storage, snow water equivalent, canopy water storage and surface runoff here) of year i and month j; S j,mean is the mean value of terrestrial water storage for the jth month; and, S j,sd is the standard deviation of terrestrial water storage for the jth month [39] . The drought classification standard is the same as SRI.
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Auto-Regressive Distribution Lag Model (ARDL)
ARDL is a quantitative analysis method for long-term stable relationship between variables, which is widely used in the field of economics. ARDL model is linear time series models in which both the dependent and independent variables are related not only contemporaneously, but across historical (lagged) values as well [40] . ARDL model is especially advantageous in their ability to handle cointegration with inherent robustness to the misspecification of integration orders of relevant variables [41] . Drought is a continuous process, and it is not only affected by current correlated variables, but also by historical drought and historically correlated variables. We use the ADRL 
ARDL is a quantitative analysis method for long-term stable relationship between variables, which is widely used in the field of economics. ARDL model is linear time series models in which both the dependent and independent variables are related not only contemporaneously, but across historical (lagged) values as well [40] . ARDL model is especially advantageous in their ability to handle cointegration with inherent robustness to the misspecification of integration orders of relevant variables [41] . Drought is a continuous process, and it is not only affected by current correlated variables, but also by historical drought and historically correlated variables. We use the ADRL model to assess the autocorrelation of HD and its dependence on precipitation, PET, and soil moisture. The ADRL model was proposed by Jorgenson in 1966 [42] . The model is a distributed lag model that uses one or more lagged terms of the explained variable as explanatory variables. The general expression is as follows:
where X jt (j = 1, 2, . . . , p) is the explanatory variables, Y t is the explained variable, and m and n is the maximum lag period of Y t and X jt , respectively, the optimal lag orders m and n (possibly different across regressors) can be obtained by minimizing a model selection criterion, e.g., the Akaike information criterion (AIC) or the Bayesian information criterion (BIC); p is the number of explanatory variables; a 0 is the constant; a i and β ji are regression coefficients; and, µ t is a white noise.
The sequence {µ t } is a white-noise process if for each period t,
If the values of X jt are treated as given and is not associated with u t , the method of least square (OLS, its essence is to find the best function match of the data by minimizing the sum of the squares of the errors) would be used to estimate the parameters. However, if X jt is simultaneously determined with Y t and E(X jt u t ) = 0, OLS would be inaccurate. As long as it can be assumed that the error term u t is a white noise process, or more generally, it is stationary and independent of X jt , X jt−1 ,· · · and Y t , Y t−1 ,· · · , the ARDL models can be estimated consistently by ordinary least squares [42] . ARDL models are de facto the standard of estimation when one chooses to remain agnostic about the orders of integration of the underlying variables. It is precisely in this regard where the ARDL methodology shines [43] .
Threshold Analysis
When an explanatory variable of the ARDL model reaches a certain threshold, the drought may occur in the region. In order to identify the thresholds of the correlated variables to HD and prepare for drought early warning, the piecewise regression is used to analyze this problem. Piecewise regression is a method of studying the relationships between two or more random variables at different stages. It is a "broken-stick" model, where two or more lines are joined at unknown point(s), called "breakpoint(s)," representing the threshold(s) [44] . It means that the explained variable Y and the explanatory variable X obey a certain relation within a certain range, and they follow another relation in another range. The general form of the piecewise regression model is as follows:
where y i represents the ith observed value (i.e., the explained variable); x i represents the value associated with the explained variable (ie, the explanatory variable); α represents a breakpoint; ε i represents a random disturbance term; and, β 1 and β 1 + β 2 represents the slope of the line. It can be seen that β 2 can be expressed as the difference in the slope of the two straight lines [45] . The breakpoint is estimated by non-parametric method and its 95% confidence intervals represents the threshold range [44] . The commonly used method is the Bootstrap method that is a nonparametric resampling method. Model (7) is the simplest piecewise regression model, and it had different forms of improvement after the exploration by scholars [46, 47] .
Results
The Spatio-Temporal Pattern of HD
We first use SRI to assess the time trend of HD based on observed data of runoff. There are different time scales for SRI, such as one month, three months, six months, and 12 months. We use a three months' scale SRI to assess the HD in the ARB because of its widespread use and better description of drought conditions [4, 48] . Figure 4 reveals the fluctuations of time series of SRI in the ARB during 1980-2010. It is clear that the SRI shows a nonlinear and nonstationary variation. However, it shows a significant upward trend (F = 67.03 and its P-value shows that it passes the 1% significance test) as a whole, which means that the ARB was getting wetter during the study periods. Zhang et al. [49] also pointed out that the number of HD in ARB had gradually decreased.
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The SRI can only show the time trend of HD because of sparse stations. The large area of the ARB and the complex geography environment make the HD complex in space. We use the SWSI to evaluate the spatial pattern of HD. First, we use a spatially average value for the entire ARB basin to evaluate the drought years using the SWSI and use the same temporal series applied to compute the SRI. There are 15 drought years evaluated by SWSI and the results are similar to the results of SRI. It means that SWSI can also well reflect the HD of the ARB. Figure 5 shows the spatial pattern of HD in a drought year and a wet year. As can be seen from the figure, drought year does not mean that HD occurs in the entire basin, but drought occurs in most of the areas, and some areas are still wet; in non-drought year, not all areas are wet, and HD still occurs in some areas.
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The Autocorrelation of HD and Its Dependence on Precipitation, PET and Soil Moisture
Drought results from a combination of natural and human activities, and there are many correlated variables affect drought, such as temperature, precipitation, soil moisture, and so on. Many scholars have studied the relationship between drought and correlated variables [46, 51, 52] , but the role of correlated variables in different regions are not the same, which requires specific analysis in different regions. So, we select average temperature, average pressure, relative humidity, maximum temperature, daily maximum wind velocity, soil moisture, PET, and precipitation as the correlated variables of the HD in the ARB. We think these correlated variables directly or indirectly affect the terrestrial water storage (or runoff) in this region, which in turn, will have an impact on hydrological drought. In addition, the HD is a continuous process. It is not only affected by contemporaneous correlated variables, but also affected by historical HD and historically correlated variables, which means that the correlated variables have a delay effect on HD. Previous studies only focused on the contemporaneous correlation between correlated variables and drought, and did not consider the delay effect of correlated variables on HD [46, 51] . So, we use the ADRL model to analyze the autocorrelation of HD and its dependence on precipitation, PET and soil moisture, which can rerecognize the relationship between HD and correlated variables from the perspective of the delay effect of correlated variables on HD. There is a large area and the complex geographical environment in the ARB, so we use SWSI for regression analysis because SWSI covers most of the region.
Previous studies only selected some correlated variables that are theoretically considered to be significantly relevant to HD to study the relationship between HD and correlated variables, which may result in the inaccurate or incomplete selection of correlated variables [51, 52] . In order to solve this problem, we use a stepwise regression model to filter the above eight variables, removing collinear variables and those that have no significant effect on HD. Finally, we obtain three optimal variables, namely precipitation, PET, and soil moisture. In addition, we also tested the Variance Inflation Factor (VIF) on these three variables. VIF is used to detect whether there is collinearity between variables. If VIF < 5, it means that the variable does not have collinearity, otherwise, there is collinearity. The results showed that the VIF values of the three variables were less than 5 (VIFPET = 1.74; VIFprecipitation = 1.61; VIFsoil moisture = 1.35), indicating that there was no collinearity between them, that is, they are independent of each other. The ARDL model requires that each time series is stationary. The ADF is used to detect if the time series is stable. If the ADF passes the significance test, it is a stationary sequence, otherwise, it is a non-stationary sequence. Table 3 shows the ADF test for four time series, and the results of each time series all pass the significance test, which indicates that all of the sequences are stable. According to the principle of minimum AIC, the optimal result of the ARDL model is obtained (Table 4 ). 
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Previous studies only selected some correlated variables that are theoretically considered to be significantly relevant to HD to study the relationship between HD and correlated variables, which may result in the inaccurate or incomplete selection of correlated variables [51, 52] . In order to solve this problem, we use a stepwise regression model to filter the above eight variables, removing collinear variables and those that have no significant effect on HD. Finally, we obtain three optimal variables, namely precipitation, PET, and soil moisture. In addition, we also tested the Variance Inflation Factor (VIF) on these three variables. VIF is used to detect whether there is collinearity between variables. If VIF < 5, it means that the variable does not have collinearity, otherwise, there is collinearity. The results showed that the VIF values of the three variables were less than 5 (VIF PET = 1.74; VIF precipitation = 1.61; VIF soil moisture = 1.35), indicating that there was no collinearity between them, that is, they are independent of each other. The ARDL model requires that each time series is stationary. The ADF is used to detect if the time series is stable. If the ADF passes the significance test, it is a stationary sequence, otherwise, it is a non-stationary sequence. Table 3 shows the ADF test for four time series, and the results of each time series all pass the significance test, which indicates that all of the sequences are stable. According to the principle of minimum AIC, the optimal result of the ARDL model is obtained (Table 4) . From Table 4 we can see that F-statistic is 936.4129 and it passes the significant test, indicating that the model is significant. The value of Durbin-Watson stats indicates that the ARDL model possesses good description ability. SWSI presents significant autocorrelation with two months' lag, indicating that the occurrence of a HD is affected by the HD in the first two months. The coefficients of SWSI (−1) and SWSI (−2) are positive, which means that historical drought will induce the HD in this month or increase the level of drought in this month. PET and precipitation is correlated with SWSI with one month's lag, and the coefficients of PET and PET (−1) are negative and they all pass the significant test. The greater the PET or PET (−1), the more conducive to the occurrence of HD. However, the coefficient of contemporaneous precipitation does not pass the significance test. SWSI is a comprehensive reflection of precipitation, snow water, soil moisture storage, and so on. The precipitation here does not pass the significance test, which may be caused by the effects of snow water and soil moisture storage. However, there is a significant correlation between precipitation (−1) and SWSI. The more precipitation in the last month, the less prone to HD this month. Soil moisture is correlated with SWSI with two months' lag. There is a positive correlation between contemporaneous soil moisture and soil moisture (−2) and SWSI, but the negative correlation between soil moisture (−1) and SWSI. In general, the higher the soil moisture, the less likely the HD is. However, there is the opposite result here, that is, the higher the soil moisture last month, will promote the HD this month, might be due to the interaction of various correlated variables. The specific reasons have yet to be further studied. In summary, the effect of correlated variables on HD is complex. The atmospheric circulation and human activities also affect HD, which will be our future research goal.
The Thresholds of the Correlated Variables to HD
Drought will cause huge economic losses, so drought early warning is crucial. Although the occurrence of HD is unavoidable, we can give early warning of HD to reduce the damage that is caused by drought. Many scholars have studied the early warning from the perspective of various drought indices [53] [54] [55] . However, we conduct drought monitoring and early warning from the perspective of the thresholds of correlated variables of HD. We think that as long as one correlated variable exceeds a certain critical value, HD may occur and early warning should be issued. Based on this, piecewise regression model is used to study the thresholds of correlated variables to HD and explore the drought early warning. The relationship between different correlated variables and SWSI will change after the breakpoint. This model has been widely used in meteorology and hydrology, but it only explores the threshold of relevant variables, and it does not use this as a basis for drought early warning [56] [57] [58] . Table 5 gives the result of piecewise regression. The table shows the estimates of breakpoint and approximate 95% confidence intervals. The breakpoints of PET, Precipitation, and soil moisture are 891.242 mm, 113.037 mm, and 397.98 kg/m 2 , respectively. It means that, on both sides of the breakpoint, PET, precipitation, and soil moisture have different effects on HD. In order to prepare for early warning, we set the boundary value of 95% confidence interval set as the threshold as the upper or lower limit of the early warning. From Table 6 , it can be seen that the thresholds for annual PET, annual precipitation, and annual average soil moisture are greater than 844.05 mm, less than 134.52 mm, and less than 411.07 kg/m 2 , respectively. It means that when these correlated variables in their corresponding threshold, drought may occur. In order to verify the rationality of the thresholds derived from the piecewise regression, we calculated the actual values of PET, precipitation, and soil moisture in the historical drought years of the ARB, and compared them with the thresholds that we obtained. According to "China Meteorological Disaster Code (Xinjiang Volume)" and "Xinjiang Statistical Yearbook", the drought years in the history of the ARB were 1980, 1981, 1985, 1989, 1991, 1993, 2008 , and 2010 during the period of 1980-2010. First, we separately calculated the actual values of annual PET, annual precipitation, and annual average soil moisture in historical drought years, and gave the average values for many years, they are 824.00 mm, 157.61 mm, and 385.30 kg/m 2 , respectively. Then, we made the t-test on the above actual values of the correlated variables and the thresholds calculated by the model, and the p-value is 0.67, indicating that there is no significant difference between the actual values and the thresholds, that is, the thresholds that we obtained are reasonable.
Based on this, we conduct drought warning and classify the warning levels according to the thresholds range of the correlated variables ( 
Note: " √ " represent that it satisfies this condition; "×" represent that it does not satisfies this condition.
Discussion
This study first assessed the spatio-temporal variation of HD in the ARB using two complementary indices. Then we showed the autocorrelation of HD and its dependence on precipitation, PET and soil moisture. We found that it showed a trend of getting wet in the entire basin, but there was a difference in space. In addition, HD presents significant autocorrelation with two months' lag, and soil moisture is correlated with SWSI with two months' lag, whereas PET and precipitation are correlated with SWSI with 1 month' lag. Then, we developed a HD warning system according to the threshold of correlated variables to HD.
We used two indices to assess the HD in order to make up for the insufficient and unreliable of an index. We can understand the HD in the ARB from the perspective of time and space. Under the global warming, precipitation in the northwest China had suddenly increased since 1990s, and glacial meltwater was also in the process of intense ablation [59] , so the ARB became wet during the period of 1980-2010. Our result was consistent with the previous studies [49, 60, 61] . After 1990s, the fluctuation of SRI is large, mainly because the impact of human activities was intensified in addition to the effects of climate change. A continuous wet year appeared after 2000, which is mainly due to the increase in precipitation and snow meltwater [49, 50] . How the future HD in the region changes remains to be further explored. The spatial pattern of HD is different. The high frequency of HD occurred in the east and west, while the low frequency of HD occurred in the middle. There are small precipitation and glaciers in the west [18, 50] , so there was frequent drought. Although there are many precipitations and glaciers in the upper reaches of the eastern region [18, 50] , when the runoff flows through the middle and lower reaches, it is affected by a large number of human activities, making it a high-risk area for drought. It shows that human activities are the main cause of HD. Water is the source of life in the arid regions of the northwest China, so that people should pay attention to it and use it reasonably.
Due to lack of data, we only analyzed the natural variables affecting HD. Although previous studies have also explored the relationship between natural variables and HD [46, 51, 52] , the correlated variables may vary from region to region due to regional differences. We selected precipitation, PET, and soil moisture through stepwise regression analysis, which is statistically significant and ensures that the variables are independent of each other. Unlike previous studies, they simply select variables from a theoretical perspective. In addition, we found that HD presents significant autocorrelation with two months' lag, and soil moisture is correlated with SWSI with two months' lag, whereas PET and precipitation are correlated with SWSI with one month's lag. Previous studies have explored the contemporaneous correlation between HD and correlated variables, without considering the lag effect of correlated variables. Our results improve our understanding to the correlated variables of HD.
HD results from a combination of factors. The occurrence of HD will have a serious influence on the society economy. The earlier the drought warning is available, the more effective and successful the drought planning will be. There were a large number of drought early warning studies in the past [62] [63] [64] . Paulo et al. [55] used Markov and Loglinear models for drought early warning that is based on Standardized precipitation index (SPI); Huang and Yuan [65] developed an early warning system with recursive procedure that processes observations to renew the evaluation; Kogan [66] analyzed the effect of remote sensing on drought early warning based on Palmer Drought Severity Index (PDSI); and, Boken [67] thought the soil-moisture index and other variables derived from the rainfall data could be potential candidates for developing drought early warning models for arid regions. They can be divided into two types: one is to provide early warning through the drought index, and the other is to provide early warning through simulation. They all have their advantages. In order to expand the method of drought early warning, we propose a new perspective to study it, that is, to warn according to the threshold range of the correlated variables to HD. We find that the values of these correlated variables in the historical drought years are close to the threshold range we calculated, which shows that the proposed method is rational. However, in future research, we need do a more in-depth discussion.
Conclusions
We measured and quantitatively assessed the HD in the inland river basins of Northwest China from a new perspective. First, we use two mutually complementing indicators to explore the spatio-temporal pattern. Then, we not only analyzed the correlation between HD and correlated variables and its dependence on precipitation, PET and soil moisture, but also analyzed the autocorrelation of HD. Previous studies only considered the contemporaneous correlation between HD and correlated variables without considered its dependence on precipitation, PET and soil moisture. Our results raise awareness of the effects of correlated variables on drought. In addition, we use a piecewise regression model to conduct drought early warning from the threshold of correlated variables, which differs from previous studies in preparing drought early warning from the perspective of drought indicators. The main conclusions are as follows:
1.
The spatio-temporal pattern of HD was complex in the ARB. There was a tendency to become wet in the entire basin during the study periods. The high frequency of drought occurred in the east and west, whereas the low frequency of drought occurred in the middle. In addition, the drought year did not mean that drought would occur in the entire basin, and vice versa.
2.
The autocorrelation of HD and its dependence on precipitation, PET, and soil moisture were found. The occurrence of a drought was not only related to the contemporaneous correlated variables, but also related to historical drought and historically correlated variables. Among them, HD presents significant autocorrelation with two months' lag, and soil moisture is correlated with SWSI with two months' lag, whereas PET and precipitation are correlated with SWSI with one month's lag. 3.
We developed a new early warning system according to the threshold range of the correlated variables to HD. One of the correlated variables achieve the corresponding threshold range to perform a three-level early warning, two correlated variables achieve the corresponding threshold range at the same time to perform a two-level early warning, and three correlated variables achieve the corresponding threshold range at the same time to perform a one-level early warning.
Although the ARB was selected as a representative of inland river basin, the approach that is presented in this study can also be applied to assess the hydrological drought of inland River Basin in Northwest China.
